We report a high-repetition-rate, compact terawatt Ti:sapphire laser system. The oscillator produces an 82-MHz pulse train consisting of broad-bandwidth pulses of 0.5-nJ͞pulse energy and of 9-fs pulse duration. The spectrally shaped, ͞4 regenerative amplifier supports an 80-nm bandwidth. A single 50-Hz repetition-rate pump laser pumps both the regenerative amplifier and a multiple-pass amplifier. The final output from this laser is a 50-Hz pulse train made from pulses of 53 mJ͞pulse energy and of 24-fs pulse duration. For generating ultrafast x-ray pulses, 90% of the energy from the final output of a 28-mm-diameter ͑1͞e 2 ͒ beam is focused onto an ultrafast x-ray wire target. The energy conversion efficiency from optical ͑800-nm central wavelength͒ to x-ray ͑characteristic lines of K ␣ from Cu at 8 keV͒ pulses is estimated to be 7 ϫ 10
Introduction
Ultrafast terawatt lasers [1] [2] [3] [4] [5] have become indispensable to researchers in many fields, including ultrafast-x-ray generation and ultrafast x-ray diffraction and absorption spectroscopy. 6 -9 The properties of these lasers, such as broad bandwidth, have also expanded and simplified the ways in which nonlinear optical spectroscopy and microscopy experiments are conducted. 10, 11 To make these lasers more suitable for specific applications requires that several parameters, including repetition rate, pulse energy, pulse duration, and spectral profile, be carefully optimized. For instance, for these lasers to be used for laserdriven electron x-ray sources, 12 laser pulses ͑sub-100-fs pulse duration͒ with pulse energies of the order of 50 mJ͞pulse are preferred, such that the x-ray spot size will remain relatively small ͑20 m͒ while the conversion efficiency from laser photons to x rays remains high. The high conversion efficiency can be achieved only with a high peak laser intensity, of the order of 10 18 W͞cm 2 , 12 at which electrons can be accelerated to tens of kiloelectron volts. Such electron energy is needed for the efficient generation of hard x rays. Once this pulse energy level is reached, it is then more desirable to increase the x-ray yield by maximizing the repetition rate rather than by increasing the pulse energy. Doing so will obviate the necessity for using cumbersome accessories such as vacuum compressors. Another desired feature is broad bandwidth that allows those pulses to directly drive many nonlinear processes without the need for additional devices such as optical parametric oscillators and amplifiers. 10 Even more convenient is a system that can simultaneously satisfy both the energy and the bandwidth requirements. In addition, the cost of the system should be kept low so the system will be affordable to beginning young investigators at major research universities. Although many laser systems that are currently available meet some of the requirements listed above, none can fulfill all of them. A 50-Hz terawatt laser that uses three pump lasers and a vacuum compressor has already been reported. 11 Other than in that system, the highest repetition rate for a compact terawatt laser system that produces 50-mJ͞pulse or greater energies is 20 Hz. The scarcity of highrepetition-rate terawatt lasers is due mainly to the thermal-lensing problem that is associated with highrepetition-rate pump lasers. Results of the use of those lower-repetition-rate terawatt lasers for the production of ultrafast electron and x-ray ultrashort pulses, the interaction of intense laser beams with energetic electron beams, and ultrafast phenomena examined with these electron and x-ray pulses have been reported. 8, [12] [13] [14] [15] These laser systems, however, generally belong to large laser facilities, employ multiple expensive pump lasers such as diode-pumped pump lasers, and are protected by strict environmental controls. Furthermore, vacuum compressors are necessary because of the high pulse energies involved. Recently a kilohertz terawatt system that uses seven pump lasers and is capable of producing 20-mJ͞pulse energy was achieved. 16 However, this pulse energy is below the optimal value required for generating hard x rays, and the system is complex. To satisfy different requirements for many applications and to make these lasers available to regular researchers will require that simpler systems, optimized either for the production of ultrafast x rays or for those applications in nonlinear optics, be developed.
In this paper we present a simple terawatt laser system that employs only two pump lasers. The repetition rate of the laser is 50 Hz, and the pulse energy is ϳ50 mJ͞pulse in a 28-mm ͑1͞e 2 ͒ beam, thereby eliminating the need for a vacuum compressor. The whole system resides in a stand-alone clean room with no temperature control. The improved, highquality 50-Hz pump lasers that are available nowadays have undoubtedly made this design possible. Furthermore, the spectrally shaped regenerative amplifier produces a broadband spectrum that allows us to directly drive a coherent Raman spectrometer or a confocal microscope. [17] [18] [19] We have used this laser to produce optical pulses and ultrafast x-ray pulses for ultrafast dynamic measurements and driving nonlinear processes.
In Section 2 the laser system is described. The results of characterization of the coherent Raman driver are given in Section 3. X-ray generation and results are presented in Section 4. We briefly discuss several aspects of this system in Section 5.
Laser System and Results
A block diagram of the chirped-pulse-amplification Ti:sapphire terawatt system is shown in Fig. 1 . All the components are directly mounted onto three optical tables ͑RS2000, Newport͒. The oscillator, pumped by a frequency-doubled Nd: YAG laser ͑5-W Millennia Vs, Spectra-Physics͒, supports a bandwidth greater than 110 nm. This pump laser possesses a high beam-pointing stability ͑Ͻ5 rad͞°C͒ despite its overall small dimensions. Folding mirrors in the oscillator are low group-velocity delay mirrors ͑LGVD, CVI͒, and an ultrafast mirror ͑BD20, Newport͒ is used as the rear total reflector. Based on our dispersion calculations for a 4-mm Brewstercut Ti:sapphire crystal, the separation of the compensating prism pair ͑IB-69.1-UV, CVI͒ is set to 59 cm.
Pulses from the oscillator are measured with a scanning interferrometric autocorrelator and a diode detector. The scanning arm of the autocorrelator is driven by a piezoelectric transducer oscillating at 4 Hz ͑PE4, Thorlabs͒. An external prism pair ͑IB-69.1-UV, CVI͒ to compensate for the pulse broadened by external cavity optics is used.
A typical spectrum from the output of the selfstarting mode-locked oscillator at 2-W pump power is shown in Fig. 2 . The blue end of the spectrum extends beyond the edge of the CCD. Figure 3 shows the measured autocorrelation trace ͑solid curve͒ of the oscillator. Also shown in Fig. 3 is a simulated autocorrelation trace for a pulse of 9-fs duration ͑dashed curve͒. The measured pulse duration is estimated to be 9 Ϯ 0.5 fs. The repetition rate of the oscillator output is 82 MHz, and the average power is ϳ100 mW.
The output beam from the oscillator is then sent into an all-reflective optics expander. 20 The two gratings ͑1200 g͞mm, Richardson͒ are of different sizes; the first is 1 in. ϫ 4 in. and the second is 4 in. ϫ 4 in. ͑1 in. ϭ 2.54 cm͒. This expander supports a bandwidth larger than 130 nm, 11, 20 and the stretching factor is ϳ100,000. The lengthened pulses of ϳ1-ns duration are sent into the regenerative amplifier for further amplification. To reduce the feedback from the regenerative amplifier we place an attenuator made from a fine mash between the expander and the regenerative amplifier; this effectively reduces the feedback while still letting sufficient light into the regenerative amplifier.
A schematic of the regenerative amplifier is shown in Fig. 4 . Seed pulses ͑of p polarization͒ from the oscillator pass through a thin-film polarizer ͑TFP; from ARO͒, a zero-order ͞2 wave plate, and finally a Faraday rotator ͑BB8-5R, EOT͒. The polarization of the seed pulses is rotated by 90°before the pulses enter the regenerative amplifier. As shown in Fig.  4 , a ͞4 Pockels cell regenerative amplifier is employed. This Pockels cell ͑5046E, Lasermetrics͒ is triggered by both a 50-Hz master clock, which is used to trigger the pump laser, and the oscillator pulse train. This arrangement ensures that no injection occurs when the oscillator drops out of mode locking. There is a jitter of ϳ8 ns between these two triggers, which is small compared with the 80-ns delay between the seed and the pump pulses. There is almost no jitter ͑Ͻ10 ps͒ between the pump laser pulses and the master clock. The number of round trips of the seed pulses in the regenerative amplifier is set to 14. A water-cooled Ti:sapphire crystal ͑ø10 mm ϫ 6 mm long͒ in the regenerative amplifier is pumped by as much as 20% of the output from a 50-Hz pump laser ͑460 mJ͞pulse, Precision 9050, Continuum͒. We adjust the pump energy at the crystal by rotating the wave plate in a wave-plate-polarizer attenuator. The operating power is set at 3-4 W, and the pump beam's size is 2 mm.
To overcome the gain-narrowing problem in a highgain regenerative amplifier we employ a spectral shaping technique. 11 We insert a pellicle of ϳ1.8-m thickness ͑National Photocolor͒ at a 25°an-gle of incidence. This device creates a 50% intensity modulation, favoring the edges of the spectrum of the amplifier. This modulation enables the regenerative amplifier to produce a balanced spectrum with a bandwidth of Ͼ80 nm.
The spectrum from the regenerative amplifier is shown in Fig. 5 . The spectral profiles with and without seeding from the oscillator are similar, although the pump energy is reduced when the regenerative amplifier is seeded. With a pump power of 3.5 W, a 150-mW output is obtained. The beam diameter of the output from the regenerative amplifier directly outside the regenerative amplifier is ϳ1 mm. The Fig. 3 . Results of scanning autocorrelation measurement of the pulses from the oscillator. Each optical cycle corresponds to 2.64 fs at 800-nm central wavelength. The FWHM of envelope includes eight optical cycles, and the pulse duration is determined to be 9 Ϯ 0.5 fs. 
The collimated output ͑3-mm diameter͒ from the regenerative amplifier is then sent into the multiplepass amplifier ͑Fig. 1͒. The multiple-pass amplifier is pumped by the same 50-Hz pump laser that is used to pump the regenerative amplifier. 21 In this arrangement the beam that is carrying the remaining 80% of the energy from the pump laser is divided equally into two beams. Two single-lens relay imaging systems are used to image these beams onto a Ti:sapphire crystal ͑ 10 mm ϫ 15 mm long͒ in the multiple-pass amplifier. The combined energy of the two pump beams is greater than 400 mJ͞pulse. Because of the high repetition rate and the high pulse energy of the pump laser, a significant thermal lensing effect results. To compensate for this effect, a negative lens ͑Ϫ1.0 m͒ is inserted into the multiplepass amplifier between the second and the third passes. After the third pass the pulse is amplified one more time before it exits the multiple-pass amplifier. Because a single pump laser is used, the delay between the two amplifiers is not adjustable. We designed the system such that gain saturation can be reached at the last passage. The 3-mJ͞pulse input from the regenerative amplifier is amplified to 120 mJ͞pulse after four passages through the crystal, corresponding to a 30% conversion efficiency.
The beam is then expanded to a 28-mm diameter ͑1͞e 2 ͒ beam by a reflective telescope located between the multiple-pass amplifier and the compressor. The compressor used in this system is a typical grating-pair compressor. 12 All the components of the compressor are in the air.
We calculate the dispersion of the system to determine the angles of incidence of the gratings used in the expander and the compressor. These angles are then optimized manually. Based on our calculations, we determined angles of incidence of 50.20°for the gratings in the expander and 63.00°for the gratings in the compressor. An autocorrelation trace of the compressed pulses is shown in Fig. 6 . The FWHM of the final pulse after compression is 24 fs after the grating angles and separations have been optimized. The final angle of incidence for the gratings in the compressor is 63.15°.
Compressed pulses are characterized by a common second-harmonic, single-shot autocorrelator. The second-harmonic generation crystal is a KDP crystal of 100-m thickness. The compressed pulses produced from this laser have an energy of 53 mJ͞pulse and a 24-fs duration at a 50-Hz repetition rate.
Coherent Raman Spectroscopy
To create two pulses that can be used to drive coherent Raman processes we place a Fabry-Perot ͑F-P͒ etalon between the second grating and the roof mirrors in the compressor, as shown in Fig. 7 . The dispersion from the fused-silica plates in the etalon is small and can be compensated for by adjustment of the grating separation. The F-P etalon is designed to support a pulse with a 17-cm Ϫ1 bandwidth, corresponding to a pulse duration of 2 ps. The free spectral range of the etalon is 11 nm at 750 nm. The spectral width of the second pulse is controlled by a slit made from two beam blocks, as shown in Fig. 7 . Two roof mirrors are used. One of them is placed on a translation stage such that the time delay caused by the plates in the etalon can be compensated for. The bandwidth of this pulse is determined by the width of the slit and can be adjusted from 10 to 50 nm, depending on the applications. The position of the slit can be adjusted to change the central vibrational frequency. Both roof mirrors are mounted upon a second large-platform translation stage that can be moved laterally. This allows us to use only one roof Fig. 6 . Results of the single-shot autocorrelation measurements of the compressed pulses. The pulse shape is assumed to be sech 2 , and a 1.5 deconvolution factor is used to produce the FWHM of the pulse from that of the autocorrelation trace. Fig. 7 . Arrangement of the dual-pulse output compressor. The broad spectrum from the regenerative amplifier is separated into two portions, with one passing through the slit consisting of two beam blocks and the other passing through the F-P etalon. The retroreflected beams through two separate roof mirrors then overlap in space and time after compression. mirror to retroreflect the whole spectrum to produce the short pulses for x-ray generation.
With the etalon and the slit in place, two pulses with different bandwidths can be obtained. The result is shown in Fig. 8 . The pulse durations of the two pulses are set to be the same, meaning that the pulse of the broader bandwidth is chirped. The FWHM of the pulse with a narrow bandwidth is ϳ17 cm
Ϫ1
, and that of the broad band is 40 nm. Together they can coherently excite Raman modes from 900 to 1610 cm Ϫ1 in a sample. If the position of the twobeam block is changed, the range and the central vibrational frequency will change accordingly. We intend to report further results of the investigation of this coherent Raman driving system. 22 
X-Ray Generation
A wire x-ray target with no moving fixtures near the laser focus was designed. A schematic of the target apparatus is shown in Fig. 9 . This apparatus is similar to an earlier version of another wire apparatus, except that the stability of this one is much higher ͑Ͻ5 m rms͒. 12 In brief, the terawatt laser beam is focused by a metallic parabolic mirror onto a moving metal wire that slides in a spiral groove in a Teflon rod. The wire, coming off a spool with a capacity of 1000 m in length, is pressed to form flat surfaces and pulled through the focus by a puller on the outside of the chamber. The pulling speed is set to be 1.5 mm͞s. A Mylar film ͑80 mm wide, 3 m thick; SPEX͒ is used to protect the parabolic mirror. X rays are detected by an x-ray spectrometer consisting of a GaAs single crystal ͑111͒ and a LN 2 cooled CCD ͑deep depletion PI-LCX 576, Roper Scientific͒ detector.
Ultrafast x-ray generation has also been demonstrated. Preliminary results show that this laser system can produce the intense x-ray pulses whose diffraction patterns are shown in Fig. 10͑a͒ . The target material is a copper wire of 0.5-mm diameter. X-ray emission of K ␣1 and K ␣2 from copper is detected by the CCD after being diffracted by a nearly perfect Fig. 8 . Dual-pulse output from the compressor with the slit and the F-P etalon in place. The peak near 755 nm is the one that passes through the etalon. The main peak between 810 and 860 is determined by the position and the width of the slit. Fig. 9 . Layout of the x-ray apparatus. Fig. 10 . ͑a͒ X-ray diffraction pattern of GaAs single crystal ͑111͒ from x rays generated by the laser-driven electron x-ray sources and ͑b͒ simulated diffraction pattern from a 60-m source for FWHMs of 2.28 and 2.78 eV for single Lorentzian component spectral profiles of K ␣1 and K ␣2 .
crystal ͑without causing broadening of the diffraction profiles͒ of GaAs ͑111͒. The laser focus spot size is less than 10 m ͑1͞e 2 ͒. At a pump energy of 43 mJ͞pulse, the x-ray yield is measured at 8 ϫ 10 10 photons͑͞s͞4 sr͒. This corresponds to a conversion efficiency of 7 ϫ 10 Ϫ5 ͑see Ref. 12 for details͒. The results of shadowgraphy measurements indicate that the x-ray spot size is less than 50 m.
We also modeled the diffraction patterns of x rays from the source. The results indicate that the source size is 60 Ϯ 15 m. Figure 10͑b͒ shows both the experimental data and the theoretical diffraction from a 60-m source. The modeling requires the use of the linewidths of K ␣1 and K ␣2 of copper, which are 2.28 and 2.78 eV ͑FWHM͒. 23 
Discussion
We have designed a laser system that has the optimal repetition rate, bandwidth, pulse energy, and pulse duration for the two applications mentioned above. The highest pulse energy and the shortest pulse duration allowed are determined by the nonlinear property ͑B integral͒ of the air when the light travels in air after the compressor. If the path length between the compressor and the instrument end is less than 2 m, a 25-fs pulse-duration 40-mJ pulse will not be seriously distorted ͑B Ͻ 1͒. Although 10-Hz lasers usually do not suffer from the thermal lensing effect, they usually produce much higher pulse energies. For example, if a 2-W average power laser of 25-fs pulse duration is desired, the pulse energy will be 200 mJ͞pulse for a 10-Hz repetition rate. This requires the use of a vacuum compressor or oversized gratings. A 50-Hz repetition rate, however, permits the use of an open-air compressor because here the pulse energy is only 40 mJ.
One of the potential drawbacks of using a ͞4 Pockels cell is that a regular transformer-based pulse generators could not lower the voltage to zero in a short time ͑a few nanoseconds͒. The Lasermetrics device uses solid-state field-effect-transistor amplifiers to achieve fast rise and fall times. The rising and falling times for the Pockels cell are both 4 ns. Another shortcoming of using a ͞4 regenerative amplifier is that a static polarization rotation, or a loss, is introduced for different wavelengths in the spectrum. Such a dispersion loss worsens the gain-narrowing problem. However, the problem is less serious in our case because the spectral-shaping pellicle not only alleviates the gain-narrowing problem but also balances the losses caused by elements of the regenerative amplifier such as the wave plate and the Pockels cell. It is also possible to use a ͞2 Pockels cell in the regenerative amplifier so voltagedependent dispersion and losses can be avoided. 11 However, because of the high voltage and the sharp rise and fall times required, more-expensive Pockels cell drivers are needed. In addition, more optics such as TFPs are needed.
Conclusion
We have demonstrated a compact, 50-Hz Ti:sapphire terawatt laser system. Using a single pump laser and a spectrally shaped ͞4 regenerative amplifier, this laser produces pulses of 53-mJ pulse energy, 24-fs pulse duration at a 50-Hz repetition rate, and 800-nm central wavelength. The multiple-pass amplifier has a conversion efficiency of 30%. This laser system has been used to produce ultrafast hard-x-ray pulses and dual picosecond pulses for driving coherent Raman processes in solution samples. When it is combined with advanced tabletop electron accelerator devices, 24 this laser system can further provide tunable, high-brightness hard-x-ray pulses.
